This research aimed to develop both visible and shortwave near-infrared spectroscopy to evaluate the sensory qualities of cooked rice. In this study, four different types of milled rice were used: parboiled, white, new Jasmine, and aged Jasmine. The sensory qualities of cooked rice (adhesiveness, hardness, stickiness, dryness, whiteness, and aroma) were evaluated by a trained sensory panel. The results demonstrated that these sensory attributes correlated with visible and shortwave near-infrared spectral data. Both visible and shortwave near-infrared spectroscopy models used for predicting the sensory qualities of cooked rice were established using partial least squares regression. All prediction results for sensory qualities showed a range of R 2 val between 0.837 and 0.918, with the highest found for aroma (0.918). The proposed models can be utilized in quality control by the rice industry.
INTRODUCTION
The improvement process for milled rice raw materials processed in quality improvement plants includes cleaning, destoning and polishing, grading by size, sorting by color, winnowing, silo storage, and packaging. Quality-improved rice products are developed according to formulas that are a combination of different categories of raw materials designed by the plant's research and development section. The various quality attributes of raw materials, such as moisture, instrument texture parameters, color, and tested sensory quality, were previously measured by traditional methods before the rice formulas were developed.
This article focuses on those sensory quality attributes required for quality assurance and control in the plant that affect consumer acceptance. During the improvement processes, rice is sampled for sensory quality attributes that are evaluated by trained panelists using sensory methods. Sensory qualities evaluated include adhesiveness, hardness, dryness, stickiness, aroma, and whiteness. In addition, sensory testing is carried out by panelists for sensory qualities on behalf of other product industries, such as those producing rice-shaped extruded kernels, [1] Japonica rice, [2] parboiled rice, [3] whole meal bread, [4] mashed potato, [5] and cheese. [6] Because this system using trained specialists is complicated and requires destruction of the test objects, an alternative method of efficiently and conveniently evaluating the sensory qualities of rice is needed.
The use of near-infrared spectroscopy (NIRS) has now become widespread in industry because of its non-destructive nature, rapidity, low cost, and environmental friendliness. The NIRS method has been applied in the assessment of the sensory attributes of various agricultural products and foods. Several researchers have evaluated its use in regard to foodstuff parameters, such as the acidity, bitterness, flavor, cleanliness, body, and overall quality of coffee; [7] the taste, texture, and visual and olfactory attributes of and consumer preferences in regard to grapes; [8, 9] the presence of holes, saltiness, buttery flavor, hardness, chewiness, creaminess, rancid flavor, pungency, and retronasal sensation in cheese; [10] the classification of extra virgin olive oil; [11] and the tenderness, juiciness, flavor intensity, abnormal flavor intensity, and overall acceptance of beef. [12] In 1998, shortwave near-infrared spectroscopy (SW-NIRS) was applied to evaluate the physical and chemical properties (i.e., head rice ratio, apparent density, whiteness, moisture, protein, and amylose contents) of Japonica rice. [13] A whole range of visible (VIS) and NIR (400-2500 nm) and long-wave (LW)-NIRS (1100-2500 nm) was applied to predict the texture of cooked rice varieties: 14 long-grain Thai; [14] 76 short-grain, Bengal, Cypress, Keybonnet, and Drew; [15] medium-and long-grain US; [16] and M401, Koshihikari, and Calrose [17] [18] but the wavelengths used were limited to 540, 640, and 970 nm. However, to date there has been no report published on the use of VIS and SW-NIRS in evaluating the sensory quality of cooked rice for quality assurance and control in a rice quality improvement plant where a wide range of varieties, and processed rice, are used. The raw material in such plants is milled rice, with various varieties including Jasmine, other white rice, and parboiled rice, which is derived from white rice.
The purpose of this research was to develop VIS and SW-NIRS models to determine the sensory qualities of cooked rice in regard to quality assurance. In addition, it was aimed at exploring the possibility of NIRS application to a wide range of rice varieties and processed milled rice. The hypothesis of the research was that the sensory qualities of cooked rice would correlate with the near-infrared spectral properties of milled rice.
MATERIALS AND METHODS

Determination of Criteria of Sensory Quality Indices
Methodology for determination of criteria of sensory quality indices followed Lapcharoensuk and Sirisomboon. [19] Samples of five types of milled rice were delivered to the Near Infrared Spectroscopy Research Center for Agricultural Product and Food at King Mongkut's Institute of Technology Ladkrabang, Bangkok, Thailand. These five varieties are the most representative of the range of sensory qualities as recommended by the quality control section of the plant, because they cover the range routinely processed by the plant. In this research, the sensory quality indices of rice encompassed adhesiveness, hardness, stickiness, dryness, whiteness, and aroma, all of which are used by the rice quality improvement plant for quality evaluation.
The rice samples were cooked according to the water:rice ratios suggested by the plant. A team of 10 panelists (5 males and 5 females) were each served with the five types of cooked rice. The panelists conferred among each other before collectively deciding on the score allocated to each of the sensory quality indices. Scoring was on a scale of 1-5 (whole integers only), where 1 denoted maximum level and 5 minimum, except in the case of whiteness and aroma where 1 denoted minimum and 5 maximum.
Training of Panelists
All panelists were given multiple training sessions to acquaint them with the scoring criteria. Each panelist was served with one scoop each of all five cooked rice types, with aromatic assessment performed first. They were trained to assess adhesiveness by shaking small, covered plastic containers containing cooked rice and/or gently scraping the surface of the cooked samples with a small plastic spoon. In regard to the assessment of hardness and stickiness, the panelists were asked to chew the samples and then to explain their perceptions in simple words (e.g., for hardness, extremely hard, hard; for stickiness, extremely sticky, sticky). The panelists were trained to determine dryness and whiteness by visual observation. The overall sensory quality criteria were then used in the subsequent scoring at the experimental stage.
Two replicates of each type of cooked rice were used in each sensory evaluation training session, and these sessions continued until all participating panelists had become skilled at quality assessment. It should be noted that before each subsequent assessment, the panelists were served with drinking water to eliminate the aftertaste and rice residues from the previous assessment; moreover, the 5 cooked rice samples in the training sessions were of different types to those (i.e., 250 samples) used in the experimental stage. A flow diagram illustrating the sensory method used for evaluation of cooked rice is shown in Fig. 1 .
NIR Spectroscopy Experiment
Rice samples
All samples (n = 250) of milled rice were received from the rice quality improvement plant (C.P. Rice Co., Ltd., Thailand). The rice samples were randomly garnered from three locations within the plant premises (the raw material receiving station, behind the color sorter machine, and under the storage bin). These three locations were selected for sample collection because they are the sites at which rice samples are typically collected for internal quality inspection. The samples of milled rice tested were parboiled (processed from white rice; n = 51), white rice (from varieties other than Jasmine; n = 23), new Jasmine (Khao Dawk Mali 105 variety; n = 12; harvested in 2012 and sold to the plant where it was evaluated that year), and aged Jasmine (n = 164; harvested either in 2006 or 2007-2011; "aged" means the rice was kept for at least 1 year postharvest before processing and evaluation). The weight of each milled rice sample was approximately 200 g, and the samples were retained in a plastic zipper bag until experimentation. 
Sample scanning
Milled rice samples was transferred from zipper bags to glass beakers (250 ml). The NIR spectrum was measured with a portable FQA-NIR GUN unit (FANTEC, Japan; reflection mode, 600-1100 nm; Fig. 2) . Scan results were recorded in absorption mode (log 1/R) for all samples. For every scan, the NIR GUN and sample were covered with black cloth to minimize interference by light.
Cooked Rice Preparation
Home electronic rice cookers (RC-10 MM; Toshiba, Thailand) were used to cook the 250 rice samples, and cooking was performed according to the water:rice ratios recommended by the plant (i.e., 2.5:1 for parboiled rice, 1.6:1 for white rice, 1:1 for new Jasmine rice harvested in 2012, and 1.2:1 and 1.4:1, respectively, for aged Jasmine rice harvested in 2007-2011 and in 2006. After the rice was fully cooked and the rice cooker automatically switched to warm mode, the cooked rice was gently and thoroughly mixed using a plastic ladle before transfer to small, covered plastic containers for sensory evaluation. The cooked rice samples were then presented to the sensory panelists for evaluation.
Sensory Evaluation
Sensory evaluation followed Lapcharoensuk and Sirisomboon. [19] Scoring by panelists was as described above. The scores of the sensory quality indices allocated by the panelists contained only one decimal point. Evaluation of the 250 cooked rice samples followed the same procedures as those at the training stage, with 8-10 samples being served to each panelist simultaneously. Prior to tasting by the panelists, each sample was assigned a random 3-digit number. Prior to the commencement of sensory evaluation each day, the panelists received retraining on the sensory evaluation criteria.
Spectrum Pre-Treatment and NIR Spectroscopy Model Establishment
The NIR spectroscopy models for prediction of the sensory qualities of cooked rice were established using partial least squares regression (PLS). The software for multivariate analysis (Unscrambler, v. 9.8; CAMO, Norway) was used in both spectrum preprocessing and model creation. The NIR spectra were preprocessed by mean normalization, maximum normalization, range normalization, multiplicative scatter correction (MSC), first and second derivatives each with two smoothing points on both left and right sides and five smoothing points on both sides, baseline offset, de-trending (D), and standard normal variate (SNV) and de-trending (SNV+D). Further, 80% of the experimental samples (201 samples) were used in the calibration group and the remainder (49) in the validation group. The calibration group was used for model creation and the model error was calculated by the full cross-validation method. The same model was then used to predict the sensory qualities of rice in the validation group. The optimum model was selected by coefficients of determination of the calibration and validation groups (R 2 cal and R 2 val ), standard error of calibration (SEC), standard error of prediction (SEP), bias, and ratio of standard deviation of validation data to SEP (RPD). The flow diagram of NIR spectroscopy methodology is shown in Fig. 3 .
Overall Precision Test
The overall precision test is important for the precision of reference test-in this case, sensory evaluation by the panelists. The NIR model cannot evaluate properties more accurate than the reference test. The overall accuracy or reproducibility of reference tests was determined by conducting tests on nine pairs of blind duplicates alongside the regular experiment. The duplicates were selected from 18 out of the 250 rice samples, and reproducibility is the standard deviation (SD) of the differences between the values of the blind duplicates. In addition, another 18 rice samples were selected as a new set of duplicates (9 pairs) to determine the repeatability of the reference tests, which is the SD of the differences between the values of these duplicates. The ratio of SEP to the SD of the reproducibility test (SEP/SD) was computed to determine the evaluation capability of all the calibration models, where SEP/SD < 1.0 represents an excellent NIR model, 1.0-2.0 a good model, 2.1-2.4 a fair model, 2.5-3.0 a poor model, and >3.0 an unreliable model (Tony Pietroutonio, Caltest, USA, personal communication). 
SENSORY QUALITY EVALUATION OF RICE
RESULTS AND DISCUSSION
NIR Spectra of Milled Rice
The spectra of milled rice determined are shown in Fig. 4. In Fig. 4a , all five types of milled rice showed a high absorbance peak (log 1/R) of 950-1000 nm. However, spectral data may have baseline shift and/or baseline offset that led to dislocation of absorbances. These problems can be resolved by use of the second derivative method (Fig. 4b) . The spectral plot shows obvious peaks at 744, 900, and 970 nm. Different types of milled rice affected the spectral level of the absorbance peak, especially at 970 nm, which is the absorbance band of water. The intensity of the peak was lowest for aged Jasmine rice (harvested in 2006) while those of other types tested were similar to each other, indicating the dryness of milled rice after long-term storage. The raw and second derivative spectra of milled rice at the three different stations are shown in Figs. 4c and 4d for aged Jasmine rice (harvested 2006-2011) and Figs. 4e and 4f for parboiled rice. By the second derivation, there was no difference in intensity level of the peaks illustrated, indicating that rice spectra were not affected by the different processing stations in the plant.
NIR Spectroscopy Model
Mean, SD, maximum (Max), and minimum (Min) values of the sensory qualities of cooked rice for calibration and validation groups are shown in Table 1 . The range of stickiness was widest (1.0-5.0), that of hardness was narrowest (1.3-4.7), that of adhesiveness, aroma, and whiteness was 1.0-4.8, and that of dryness was 1.2-4.7. The statistics regarding prediction of the sensory qualities of cooked rice by the PLS model are shown in Table 2 . The general optimum models (i.e., adhesiveness, stickiness, aroma, and whiteness) were derived from spectra preprocessed by the range normalization method. The de-trending method was found to be the spectral preprocessed method that gave the optimum model for prediction of hardness. The models for prediction of dryness were created by the spectra that were preprocessed by the baseline offset method.
The prediction results of all sensory quality indices showed a range of R This is the first time that VIS and SW-NIR in the range of 600-1100 nm have been applied to evaluate the sensory qualities of rice where a wide variation matrix was applied to different varieties and processed rice. Our overall sensory quality prediction (R 2 val = 0.842-0.918) was better than that reported by Qingyun et al. [18] who recorded 0.31-0.77, likely because their prediction model was developed by multiple linear regression using wavelengths of 540, 640, and 970 nm only. In addition, our prediction of certain texture parameters was better than that obtained by Meullenet et al., where wavelengths of 400-2500 nm were used (R 2 val for hardness was 0.67); [15] and that reported by Champagne et al. (R 2 val for hardness and stickiness was 0.67 and 0.58, respectively). [16] The better prediction found in our work may have been due to the wider range of VIS and SW-NIR (600-1100 nm), the higher number of samples and the effectiveness, reduced complexity, and enhanced VIS and SW-NIR spectral correlation of our sensory method. Compared with the research findings of Srisawas et al. where longwave NIR (1100-2500 nm) was used [14] and those of Meullenet et al., [15] we found a higher RPD (>2.5) for all prediction models. The SD in this study ranges from 1.00 to 1.15, which is nearly twice that reported in the literature cited above, thus yielding a higher RPD. Our higher SD value was obtained because of the wider variation matrix of different varieties and processed rice, whereas other studies included no processed products, such as parboiled rice, in their modeling. The regression coefficient plots of optimum models for evaluation of the sensory qualities of cooked rice are shown in Fig. 6 . The peak regression coefficient appeared at around 746-750 nm for all sensory quality indices. The peaks at 746 and 747 nm show the frequency characteristic of the C-H stretch fourth overtone of CH 2 and O-H stretch third overtone of ArOH. [20] ArOH is the chemical structure of phenolic compounds in rice. [21] Adhesiveness, hardness, and stickiness, which mirror the textural qualities of cooked rice, showed the same peak of regression coefficient (935-990 nm). The prominent features at 938 nm are the absorption peaks associated with the C-H stretch third overtone of CH 2 . [20] In addition, the peak at 990 nm is the vibration band of the O-H stretch second overtone of starch. [20] The absorption peak of water (970 nm) is represented on a regression coefficient plot of texture attributes and dryness, indicating that the textural attributes were affected by starch and water. This is consistent with the work of Srisawas et al., [14] who studied the application of long-wave NIRS in the evaluation of sensory textural attributes where the identical strong absorption peak of NIR spectra was at 1894 nm (O-H stretch + 2 × C-O stretch [1900 nm] [starch]) for both milled and cooked rice. The dryness characteristic of cooked rice was evaluated by visual observation.
Repeatability and Reproducibility
The means and SD of the differences between the duplicates and ratios of SEP to standard deviation (i.e., SEP/SD) of repeatability and reproducibility tests are shown in Table 3 . The SEP/SD values for general sensory quality (adhesiveness, hardness, dryness, stickiness, and aroma) of cooked rice rice with SEP/SD values less than 1 could also be evaluated by VIS and SW-NIR spectroscopy. These findings indicate the potential application of NIRS, a non-destructive method, for evaluating the sensory qualities of cooked rice at different random sampling stations for quality assurance and better control at the rice quality improvement plant. In practice, this method based on VIS and SW-NIRS could reduce the time, number of procedures, and costs previously inherent in the rice industry.
